The effect of arsenite (As 2 O 3 ) in situ on the level of the phosphate pool and activities of phosphohydrolytic enzymes was examined in rice (Oryza sativa L.) seedlings grown for 5-20 d in sand cultures. The effects were manifested via a decline in phosphate content and inhibition of the activities of key phosphatases. Application of 50 µM As 2 O 3 in situ resulted in 34 to 77% inhibition of acid phosphatase activity in roots and about 38 to 50% inhibition of activity in shoots of 15-20-d-old seedlings. Similarly, alkaline phosphatase activity was inhibited in shoots under in situ As (III) toxicity. Varietal as well as organ specific differences were observed in the response of inorganic pyrophosphatase activity to in situ As (III) treatment. A moderately toxic in situ As 2 O 3 level of 25 µM as well as a highly toxic level of 50 µM inhibited mitochondrial-ATPase activity whereas 25 µM As (III) stimulated the chloroplastic isoform of ATPase but at a higher level (50 µM) As (III) was inhibitory. The results suggest that exposure of rice plants to arsenite leads to lowering of the phosphate pool and alteration in the activities of key phosphohydrolytic enzymes which might contribute to metabolic perturbations and decreased growth of rice plants in an As (III) polluted environment. Key words: arsenite, chloroplast, mitochondria, Oryza sativa, phosphate, phosphatases Variações no conteúdo de fosfato e atividades de fosfatases em plântulas de arroz expostas a arsenito: Examinou-se, in situ, o efeito do arsenito (As 2 O 3 ) sobre o estoque de fosfato e atividades de enzimas fosfoidrolíticas em plântulas de arroz (Oryza sativa L.) cultivadas por 5-20 d em areia. Os efeitos foram manifestados via decréscimos no conteúdo de fosfato e inibição das atividades de fosfatases-chave. A aplicação de 50 µM de As 2 O 3 in situ resultou em inibição de 34 a 77% na atividade de fosfatases nas raízes, e uma inibição na atividade de cerca de 38 a 50% na parte aérea de plântulas com 15 a 20 d. Similarmente, a atividade da fosfatase alcalina foi inibida na parte aérea sob toxidez de As(III). Observaram-se diferenças específicas entre variedades e órgãos na resposta da atividade da fosfatase inorgânica ao tratamento in situ com As(III). Toxidez moderada de As 2 O 3 (25 µM) assim como um nível altamente tóxico de 50 µM inibiram a atividade de ATPase mitocondrial enquanto 25 µM As(III) estimulou a isoforma cloroplastídica da ATPase, porém a dose mais elevada (50 µM) foi inibitória. Os resultados sugerem que a exposição de plantas de arroz ao arsenito leva a um decréscimo do estoque de fosfato e alteração nas atividades de enzimas fosfoidrolíticas, o que poderia contribuir para causar distúrbios metabólicos e redução do crescimento de plantas de arroz em ambientes contaminados com As(III).
INTRODUCTION
Phosphorus is an essential nutrient for plants and an important component in cell metabolism. It has a vital functional role in energy transfer, and acts as modulator of enzyme activity and gene transcription; hence its assimilation, storage and metabolism are of major importance to plant growth and development (Duff et al., 1994) . Hydrolytic breakdown of phosphate esters is brought about by phosphatases, which is a critical process in energy metabolism, metabolic regulation and a WSP, 2005) . Irrigation with arsenic laden water gradually adds this metal to the soil surface layers (Abedin et al., 2002) . Deposition of arsenic in the soil environment leads to toxicity in growing plants. Background levels of arsenic in contaminated soils generally reach 4 to 8 mg As kg -1 but may reach as high as 83 mg As kg -1 (Abedin et al., 2002) , whereas ground water used for irrigation may contain up to 80-180 µg As L -1 (Green et al., 2006) . In recent years arsenic has emerged as a potent metal poison and an alarming increase in its content in agricultural soils and different parts of crop plants has set a challenge to crop production in many parts of the world (Abedin et al., 2002; Meharg and Hartley-Whitaker, 2002; Tripathi et al., 2007) .
Rice is a staple food crop for a majority of the world population and is cultivated in many regions of the world where ground water is severely contaminated with arsenic (Abedin et al., 2002; Meharg, 2004; Williams et al., 2007) . The redox active forms of arsenic that cause intoxication to plants are arsenite (As III) and arsenate (As V). Both these soluble forms can be found in soil and water, but under growth conditions of paddy fields arsenite predominates, due to the partial anaerobic conditions. Consequently, the +3 oxidation state is regarded as responsible for arsenic toxicity in this environment (Onken and Hossner, 1995; Meharg, 2004) . Although it has been shown that excess arsenic in the soil affects a number of physiological and biochemical reactions in plants (Jha and Dubey, 2004; Mishra and Dubey, 2006) , the precise mechanisms underlying arsenic phytotoxicity are poorly understood (Requejo and Tena, 2006) .
Earlier studies conducted in our laboratory using two rice cultivars indicated that, after the uptake, arsenite is translocated to different parts of the plant, although more was found in roots than in shoots (Jha and Dubey, 2004) . In order to identify arsenic phytotoxicity targets related to P metabolism in rice plants, the present study was undertaken to examine the effects of increasing levels of As 2 O 3 in the growth medium on the size of the phosphate pool and the activities of the phosphohydrolase enzymes, namely acid phosphatase, alkaline phosphatase, inorganic pyrophosphatase and chloroplastic as well as mitochondrial isoforms of adenosine triphosphatases, in growing rice seedlings.
wide range of signal transduction pathways in plants (Vicent et al., 1992 , Duff et al., 1994 . Phosphatases catalyze reactions that result in the liberation of inorganic phosphorus (Pi) from various substrates in a thermodynamically favourable process, which occurs in both acidic and alkaline medium (Barret-Lennard et al., 1982) . Inorganic phosphorus is a nutrient that often limits plant growth in a natural environment. Acid phosphatases (EC 3.1.3.2, orthophosphoric-monoester phosphohydrolases) having broad and overlapping substrate specificities are ubiquitous and abundant enzymes in plants and catalyze non-specific hydrolysis of Pi from phosphate monoesters in pH ranges from 4 to 6 and play a major role in the supply and metabolism of phosphate in plants (Duff et al., 1994 , Tabaldi et al., 2007 . Similarly alkaline phosphatases (EC 3.1.3.1) have a potential role in utilization of phosphomonoesters as the source of Pi required for maintenance of cellular metabolism (Orhanović and Pavela-Vrancic, 2000) . Inorganic pyrophosphatase (EC 3.6.1.1) catalyzes pyrophosphate hydrolysis and synthesis and enriches the phosphate pool in plants by hydrolyzing inorganic pyrophosphate to two molecules of Pi (Cooperman, 1982; Beknazarov and Valikhanov, 2007) . Inorganic pyrophosphate is a by-product of a number of biosynthetic reactions and is essential for the regulation of many biochemical reactions in plant cells (Beknazarov and Valikhanov, 2007) . Adenosine triphosphatases (ATPases) have wide occurrence in plant tissues and participate in active transport of molecules and ions across membranes and in cell biosynthetic processes (Martinez-Ballesta et al., 2003) .
Stressful conditions of the environment adversely affect P nutrition and its metabolism in plants. Activities of the phosphorolytic enzymes acid phosphatase, alkaline phosphatase, and ATPase show significant alteration in plants exposed to abiotic stressful conditions of the environment such as soil salinity (Ehsanpour and Amini, 2003) , osmotic stress (Szabo Nagy et al., 1992) , excess of heavy metals (Shah and Dubey, 1998) , etc.
Elevated levels of metals in the soil environment cause toxicity in growing plants and reduce crop productivity. Arsenic is a highly toxic metal to all forms of life. Vast areas of Southeast Asia are under threat from arsenic contaminated ground water (World Bank and
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ALTERED PHOSPHATASE ACTIVITIES BY ARSENITE IN RICE
MATERIAL AND METHODS
Plant material and treatment conditions: Seeds of two rice (Oryza sativa L.) cultivars sensitive to arsenic, namely Malviya-36 and Pant-12 (Jha and Dubey, 2004) were surface sterilized with 1% sodium hypochlorite solution and then imbibed in water for 24 h. Seedlings were raised in sand cultures in plastic pots saturated with either Hoagland's nutrient solution (Hoagland and Arnon, 1938) Extraction and estimation of phosphate: Total phosphate was extracted from roots and shoots of seedlings at different days of growth by acid digestion of about 100 mg oven dried (70ºC for 3 d) samples. The final volume was made up to 10 mL with water. Phosphate was estimated according to the method of Fiske and Subbarow (1925) . Absorbance was measured at 660 nm in an ELICO SL-177 spectrophotometer (Hyderabad, India), using KH 2 PO 4 as a phosphate standard.
Assay of acid phosphatase, alkaline phosphatase and inorganic pyrophosphatase activity: About 200 mg root and shoot samples from freshly harvested seedlings were used for enzyme extractions and assays. The activities of all the three enzymes were assayed according to the method of Tominaga and Takeshi, (1974) . For acid phosphatase assay, samples were extracted in 5 mL of 100 mM sodium acetate buffer (pH 4.5) using a chilled mortar and pestle. Homogenates were centrifuged at 22,000 x g at 4ºC for 10 min. and the supernatants placed in cellophane membrane tubing and dialyzed against extraction buffer in the cold for 8 h with 3-4 changes of buffer. The assay mixture contained 5 mM disodium p-nitrophenyl phosphate as substrate, 50 mM acetate buffer (pH 4.5) and 0.2 mL dialyzed enzyme extract in a total volume of 1 mL. After incubation for 30 min at 30ºC, the reaction was terminated by addition of 4.0 mL of 100 mM NaOH. The amount of p-nitrophenol liberated was measured by recording the absorbance at 400 nm. One nkat of enzyme activity is defined as one nmol p-nitrophenol liberated s -1
and specific activity as nkat mg -1 protein. The procedure employed for the assay of alkaline phosphatase was similar to acid phosphatase except that for enzyme extraction and incubation 100 mM sodium bicarbonate buffer (pH 10.0) was used.
For the assay of inorganic pyrophosphatase roots and shoots were homogenized in 5 mL of 0.1 M glycineNaOH buffer (pH 8.8). After centrifugation the supernatant was dialyzed. The assay mixture contained 4 µmol Na 4 P 2 O 7 , 100 µmol glycine-NaOH buffer (pH 8.8), 10 µmol MgCl 2 and enzyme in a total volume of 2 mL. After incubation for 20 min at 30ºC the reaction was stopped by adding 0.5 mL of 30% trichloroacetic acid. Any precipitate formed was removed by centrifugation and the supernatant used for the determination of Pi according to the method of Fiske and Subbarow, (1925) . Enzyme specific activity was expressed as nkat mg -1 protein.
Isolation of chloroplasts and mitochondria: About 1.0 g fresh roots and leaves of rice seedlings at different times of growth was used to isolate chloroplasts and mitochondria, according to Atal et al. (1991) and Wedding et al. (1976) , respectively. All operations were carried out at 4ºC. Integrity of chloroplasts was checked using the ferricyanide assay and of mitochondria using the cytochrome-c oxidase enzyme method according to Saloman et al. (1987) . Freeze-thaw extracts of chloroplasts and mitochondria were prepared by suspending the chloroplastic/mitochondrial pellet in 2 mL 100 mM TrisHCl buffer (pH 7.5), freezing at 20ºC for 24 h followed by thawing at room temperature. After repeating this procedure thrice, the thawed suspension was centrifuged at 22,000 x g for 30 min. The clear supernatant served as enzyme extract in which ATPase activity was assayed.
Assay of ATPase activity: Activity of ATPase was assayed in enzyme preparations from mitochondria and chloroplasts according to the method of Tominaga (1978) with some modifications. The assay mixture contained 80 S. MISHRA and R.S. DUBEY µmol Tris-HCl buffer (pH 7.5), 10 µmol Na 2 ATP, 20 µmol MgCl 2 , 1 mM EDTA and 0.2 mL enzyme in a total volume of 2 mL. After incubation for 20 min at 30ºC, the reaction was terminated by the addition of 0.5 mL ice-cold 30% TCA. After centrifugation Pi was estimated in the supernatant by the method of Fiske and Subbarow (1925) . Specific activity of the enzyme was expressed as µmol Pi liberated min -1 mg -1 protein. Protein content in all enzyme preparations was determined according to the method of Bradford (1976) using BSA as standard.
Statistical analysis: All data were analyzed statistically using SPSS statistical software (SPSS 10 for Windows) by one-way ANOVA followed by the Tukey test taking P < 0.05 as significant.
RESULTS
Effect of arsenite on phosphate level in growing rice
seedlings: Studies performed to examine the level of phosphate in roots and shoots of rice seedlings growing under increasing concentration of arsenite in the medium indicated a decline in phosphate content with increase in the level of As (III) treatment, with the exception of the roots of Pant-12 seedlings where no consistent decrease in phosphate level on a dry weight basis could be observed (Figure 1) . Moreover, during the 10-20 d period of growth 50 µM As 2 O 3 led to a decline of about 32 to 60% in the Pi content in roots of Malviya-36 compared to the level in the controls. In shoots of both rice cultivars a decline in phosphate content of about 9 to 36% was found in 25 µM in situ arsenite-treated seedlings and a decline of about 19 to 39% in 50 µM arsenite-treated seedlings compared to the control values.
Effect of arsenite in situ on acid phosphatase activity: Figure 1 shows the effect of in situ arsenite treatment on acid phosphatase activity in growing rice seedlings. With increasing As (III) level in the growth medium a marked decrease in enzyme activity was observed in both roots as well as shoots. In roots, with 50 µM As (III) treatment about 34 to 77% inhibition in enzyme activity was observed during 15-20 d of growth whereas in shoots under similar conditions about 30 to 50% inhibition in enzyme activity was observed.
Effect of arsenite in situ on alkaline phosphatase activity: In shoots of seedlings of both rice cultivars cultivated without arsenite in the medium, alkaline phosphatase activity was maximum at 20-d of growth but with increasing arsenite concentration in the growth medium a concomitant inhibition in enzyme activity was observed (Figure 1 ). At the moderately toxic level of 25 µM As 2 O 3 in the medium about 15 to 24% inhibition in alkaline phosphatase activity was observed in shoots of 20-d seedlings, whereas with the 50 µM As 2 O 3 treatment about 28 to 36% inhibition was observed. In roots, on the other hand, no significant alteration in the activity of alkaline phosphatase could be observed in either rice cultivars due to the in situ arsenite treatment.
Effect of arsenite in situ on inorganic pyrophosphatase activity: Varietal differences as well as growth stage specific alterations in activity of inorganic pyrophosphatase were observed due to in situ As (III) toxicity (Figure 2 ). In roots of cv. Malviya-36 a marked decline in enzyme activity was observed with increasing levels of As throughout the 5-20 d growth period under study. However, although in shoots of this cultivar enzyme activity also declined with in situ As treatment during the 5-10 d period of growth, over the 15-20 d period elevation in pyrophosphatase activity was observed under arsenite toxicity. In roots of cv. Pant-12 during the 5-20 d growth period As (III)-treated (25 and 50 µM) seedlings had higher enzyme activities compared to controls whereas in shoots activity declined under similar conditions. Effect of arsenite in situ on mitochondrial and chloroplastic adenosine triphosphatase activity: As evident from Figure 2 , in seedlings of both rice cultivars, mitochondrial ATPase activity consistently declined with increasing level of arsenite in the growth medium. In control seedlings maximum enzyme activity was observed in shoots at day 15 and in roots at 10-15 days. An in situ 25 µM As 2 O 3 treatment led to about 16 to 32% inhibition of mitochondrial ATPase activity in roots and about 21 to 42% inhibition in activity in shoots, whereas seedlings growing in presence of 50 µM As (III) in the medium showed about 28 to 50% inhibition in enzyme activity in roots and about 17 to 50% inhibition in shoots. A moderately toxic As treatment level of 25 µM led to an ALTERED PHOSPHATASE ACTIVITIES BY ARSENITE IN RICE increase in chloroplastic ATPase activity in the seedlings, however with the higher As treatment level of 50 µM a decline in enzyme activity was noted (Figure 2 ). Under 25 µM arsenite treatment, about 35 to 37% increase in enzyme activity was observed in 20-d-grown seedlings whereas under similar conditions 50 mM arsenite treatment resulted in about 21 to 48% inhibition in enzyme activity compared to controls.
DISCUSSION
Results of the present study indicate an overall decline in the phosphate pool and inhibition in activities of the key phosphorolytic enzymes acid phosphatase, alkaline phosphatase and mitochondrial adenosine triphosphatase, as well as variable activity behaviour of inorganic pyrophosphatase and chloroplastic ATPase in rice seedlings growing in the presence of arsenite in the medium. Our earlier studies using these two rice cultivars indicated that As 2 O 3 levels of 25 µM and 50 µM were respectively moderately and highly toxic to the rice plants and such As-treated plants showed reduced growth and inhibited activities of key nitrogen assimilatory, proteolytic and nucleolytic enzymes (Jha and Dubey, 2004; Mishra and Dubey, 2006) .
Arsenate and arsenite are two phytoavailable forms of inorganic arsenic. Acquisition of these two arsenic species in plants takes place via distinct mechanisms. Arsenate is a phosphate analogue, remains relatively immobile in the soil and utilizes a phosphate transport mechanism for its uptake in plants, whereas arsenite, the more toxic form, is more mobile and is transported into roots via aquaglyceroporins (Meharg and Jardine, 2003; Tripathi et al., 2007 ) . In our experiments a decline in the total phosphate pool was observed in rice seedlings with in situ arsenite treatment. Such a decline could be either due to a decrease in Pi concentration in the cytosol or due to modifications of vacuolar and/or cell wall pools of Pi. To tune the pace of growth and rate of physiological reactions in plant cells, availability of orthophosphate anion is a pre-requisite. It regulates the process of sugar metabolism (Giaquinta, 1980) and carbon partitioning (Khamis et al., 1990) besides serving as one of the primary substrates of photosynthesis (Plesnicar et al., 1994) . The phosphorolytic enzymes regulate the Pi supply to various parts of the growing plants (Mittal and Dubey, 1992) . The decline in phosphate content under As (III) toxicity as noted in our studies is correlated with decreased activity of phosphatases under such conditions, which may prove detrimental for proper growth of seedlings and establishment of rice plants in an As (III) polluted environment.
The enzyme acid phosphatase has been reported to have an intracellular as well as an extracellular localization (Duff et al., 1994) . Both of these forms respond dramatically to cellular Pi status (Barret-Lannard et al., 1982; Duff et al., 1991) . Alteration in the activity of acid phosphatase in plants has been observed under variety of stressful conditions including under toxicities due to various metals (Shah and Dubey, 1998; Sharma and Dubey, 2005) . A number of metal ions are known to serve either as activators for acid phosphatase activity (Yupsanis et al., 1993) or inhibitors (Guo and Pesacreta, 1997; Tabaldi et al., 2007) . It has been found that arsenate along with other phosphate analogues viz. molybdate, ascorbate, tartarate and vanadate serve as potent competitive inhibitors of plant acid phosphatase (UllrichEberius et al., 1989; Duff et al., 1991) . Our results indicated a pronounced decrease in acid phosphatase activity in As 2 O 3 -treated rice seedlings. In spite of the fact that acid phosphatase is induced by low Pi status (Carpene and Wynne, 1986) , the reduced Pi content due to As (III) observed in our studies was ineffective for induction of acid phosphatase activity. This might be due to the fact that arsenite is an inhibitor of acid phosphatase or that As (III) toxicity conditions lead to reduced synthesis of the enzyme protein. (Carpene and Wynne, 1986; Angosto and Matilla, 1990) . One possible reason for metal-induced inhibition of alkaline phosphatase activity appears to be the capability of metal ions to replace Zn 2+ from the active site of alkaline phosphatase resulting in changes in enzyme conformation and consequently inhibition of activity (Price and Morel, 1990) . Nevertheless, the higher activities of acid and alkaline phosphatases seen under non-stressed conditions indicate that higher phosphorolytic activity is necessary to fulfill the needs of growing rice seedlings.
Environmental extremes such as anoxia, salt stress, S. MISHRA and R.S. DUBEY osmotic stress and severe Pi-starvation lead to significant induction of tonoplast H + -pyrophosphatase (Palma et al., 2000; Fukuda et al., 2004) . Under conditions of salt and osmotic stress increased H + -PPase gene expression resulted in enhanced pyrophosphatase activity (Fukuda et al., 2004) . Earlier studies conducted with metals like Cd 2+ , Co 2+ and Cu 2+ showed an inhibitory effect of these metals on pyrophosphatase activity (Maeshima, 1991) . However, in our studies varietal as well as organ-specific differences were observed for alteration in inorganic pyrophosphatase activity with increase in in situ As (III) treatment. Arsenite caused altered activity behaviour of inorganic pyrophosphatase which suggests that under As (III) toxicity there might be impairment of biosynthetic events in the seedlings due to inadequate utilization of pyrophosphate. There is no definite explanation for these observations although one possible reason appears to be the different genetic makeup of the two rice cultivars used. Physiological and biochemical studies have demonstrated that sequestration of potentially toxic compounds, possibly by vacuolar pyrophospatase, may lead to altered behaviour of these enzymes when subjected to environmental constraints (Vogeli-Lange and Wagner, 1989) .
Our studies deal primarily with the soluble form of PPase because under our experimental conditions only the soluble form of PPase could be extracted and therefore the membrane-bound form was ignored.
In our experiments, although a moderately toxic level of 25 µM As 2 O 3 caused an increase in chloroplastic ATPase activity, 50 µM As 2 O 3 in situ was inhibitory to both mitochondrial and chloroplastic ATPase. Alteration in the activity of ATPase has been observed under a variety of environmental stresses (Sanchez-Aguayo et al., 1991 , Astolfi et al., 2003 , Debez et al., 2006 . A decrease in ATPase activity and a direct inhibition of ATP hydrolysis was observed under Cd toxicity in oat roots (Astolfi et al., 2003) and under salinity in tomato roots (Sanchez-Aguayo et al., 1991) . Similarly, Hg 2+ , NaCl and KCl have been reported to be inhibitory to H + -ATPase activity (Martinez-Ballesta et al., 2003) . The inhibitory effect of As (III) on ATPase activity as observed in our studies might be a result of the strong affinity of arsenite for essential sulphydryl groups of the enzyme (Meharg and Hartley-Whitaker, 2002) . Indeed, it has been suggested that the toxicity of arsenite in plant cells could be due to its binding to sulphydryl groups of proteins/ enzymes (Tripathi et al., 2007) The results of the present study indicate that the presence of sublethal concentrations of As (III) in the growth medium of rice plants alters the phosphate pool within the plant and impairs phosphate mobilization by inhibiting the activities of key phosphohydrolases. Limited availability of phosphate and inhibition of the activities of phosphohydrolases would hamper energy metabolism and would ultimately contribute to an overall decline in the growth of rice plants in arsenite contaminated soils.
